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ABSTRACT 
Engineering Critical Assessment (ECA) of welds is the 
process of predicting the structural integrity of a structure in the 
presence of a weld defect under specified loading conditions. 
Standardized ECA techniques consider the weld to be equal in 
properties when compared with base metal or use the concept of 
‘strength mismatch’ to distinguish the weld from the base metal. 
In both cases, the weld region is homogeneous. This is a severe 
approximation from reality, as welds show complex strength 
heterogeneity patterns. The authors are concerned with 
techniques to simplify welds in such way that the structural 
response of the weld is similar to that of the idealized, 
homogeneous weld. Two approaches are considered: (a) 
integrating properties along assumed slip lines originating from 
the defect tip, and (b) assigning All Weld Metal Tensile Tests 
(AWMTT) to the entire weld region. A plastic analysis procedure 
suggested by the ASME BP&V code (‘Twice Elastic Slope 
method’) is adopted to estimate Plastic Load, whose values are 
compared for the heterogeneous and equivalent homogeneous 
welds. Finite Element (FE) simulations were performed for 
Single Edge notched Tensile (SE(T)) specimens. The results put 
forward the possibilities of weld homogenization while showing 
its limitations. This will assist in further improvement of weld 
ECA. 
 
INTRODUCTION 
 
 Integrity assessment of mechanically loaded structures such 
as pipelines or pressure vessels, is a major requirement for safe 
operation, cost effective maintenance and lifetime estimation. A 
number of techniques are being used hereto. One of them is 
Engineering Critical Assessment (ECA). In order to perform an 
effective ECA, the location and size of the flaw, stress developed 
and toughness of the material around the flaw has to be 
identified. In the case of weldments, characterization of the weld 
region plays an important role to estimate the stresses and 
toughness around the flaw and consequently, the crack driving 
force.  
Zerbst et al. [1] pointed out the challenge of predicting 
stresses and crack driving forces around the crack tip. They 
attribute the difficulty to the diversity in local microstructures 
which results in variations of constitutive properties within the 
weld region. These variations are due to the fluctuations in 
cooling rate after fusing or due to the succession of heating and 
cooling cycles occurring in multi-pass welds. 
In the early 1990s, researchers used the term ‘Mismatch’ to 
characterize different sections of the weldment (base and weld 
region) based on their strength [2,3]. Mismatch is defined as the 
ratio of the flow strengths of weld and base material. This 
concept was extended to Heat Affected Zones (HAZ) and similar 
equations were formulated. Several standards and codes which 
are used for ECA, included the concept of mismatch by 
distinguishing between Base Material (BM), Weld Material 
(WM) and Heat Affected Zones (HAZ) [4-7]. These three 
different regions of weldment were categorized based on their 
constitutive properties. The local variations of strength are 
simplified and the weld region is considered to be a 
homogeneous body. This process of simplification is referred to 
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as ‘weld homogenization’. The complex fusion line profiles of 
butt welds are simplified as straight lines. This is termed as ‘weld 
idealization’ (Figure 1).  Homogenization and idealization allow 
the safe assessment of a welded structure with less difficulty. On 
the other hand, it overlooks the presence of local variations in 
mechanical properties in the weld region requiring conservative 
safety factors and potentially making maintenance expensive. 
To analyze weld characteristics, researchers and industries 
prevailingly use the material data from All Weld Metal Tensile 
Tests (AWMTT) to characterize the entire weld. Researchers [8-
11] studied strength variations within the weld region using 
Vickers hardness mapping technique and showed that it is a 
robust technique to quantify weld heterogeneity. A new 
homogenization technique to simplify a complex weld using slip 
line analysis was formulated in [12]. 
In this paper, the structural responses of heterogeneous 
welds will be compared with those of their homogenized 
equivalents, obtained using AWMTT and slip line methods. A 
numerical Single Edge notched Tensile (SE(T)) model will be 
utilized. A detailed analysis of strain patterns developed around 
the notch is performed.  
MATERIAL AND METHODS 
 
Weld Homogenization 
 
Two weld homogenization schemes were explored in this 
work. The detailed procedures of both the schemes are discussed 
below. 
The most widely used technique to obtain weld constitutive 
properties is to extract an AWMTT specimen from a region of 
weld. The obtained stress-strain curve is assigned to the whole 
weld region. The process of weld idealization is performed as 
explained in Figure 1 and 2𝐻𝑒𝑞  is considered as the thickness of 
the weld. The assumed 450 slip lines are considered up to the 
fusion line. 
 
 
 
Figure 1:Procedure to idealize a weld using all weld metal tensile 
test and slip line assumption 
 
The second technique used in this work to homogenize a 
weld was developed by Hertelé et al. [12]. Weld strength 
mismatch is governed by average strength properties along the 
slip line originating from the crack tip assumed to be in 45o 
orientation for the case of uniaxial load perpendicular to the 
crack.  
The procedure to simplify a weld from a hardness contour 
plot is as follows: 
 The average hardness of the weld (𝐻𝑉𝑊𝑀)  is calculated 
along the slip line originating from the crack tip (Fig 2) 
and the average hardness of the base is taken on the left 
and right side of the weld region. 
𝐻𝑉𝑊𝑀 =  
𝑙1
𝑙1 +  𝑙2
 𝐻𝑉𝑎𝑣𝑔 𝑙𝑒𝑓𝑡
𝑊𝑀 +
𝑙2
𝑙1 +  𝑙2
𝐻𝑉𝑎𝑣𝑔 𝑟𝑖𝑔ℎ𝑡
𝑊𝑀    
𝐻𝑉𝐵𝑀 = < 𝐻𝑉𝑎𝑣𝑔 𝑙𝑒𝑓𝑡
𝐵𝑀 , 𝐻𝑉𝑎𝑣𝑔 𝑟𝑖𝑔ℎ𝑡
𝐵𝑀 >  
where 𝑙(.) is the length of the slip line originating from 
the crack tip up to the HAZ/base material interface at 
an angle of 450. 
 From 𝐻𝑉𝑊𝑀 and 𝐻𝑉𝐵𝑀, yield strength 𝑅𝑝02, ultimate 
tensile strength 𝑅𝑚, yield to tensile ratio 
𝑅𝑝02
𝑅𝑚
⁄  and 
strain hardening exponent 𝑛 is calculated from transfer 
functions using AWMTT and base metal tensile tests 
respectively. These equations are experimentally 
calibrated and have been validated [13].  
 The obtained material properties are assigned to the 
weld region (homogeneous weld) 
 The equivalent length of the weld (2𝐻𝑒𝑞) is determined 
to perform idealization. (Figure 2)  
 
 
 
Figure 2: Procedure to homogenize and idealize a weld using the 
concept of slip lines. 
 
The methods used for weld simplification (including 
homogenization and idealization) are compared with the actual 
 3 Copyright © 2017 by ASME 
weld on the basis of their accuracy in predicting plastic loads 
through numerical simulations. 
 
Experimental techniques 
 
The evaluation of weld simplification schemes is performed 
using experimentally determined material properties for pipe 
girth welds. Two weld samples were extracted from a girth weld 
connecting 36” (914.4 mm) diameter and 17.1 mm thick steel 
pipe having different degree of overmatch and welding technique 
(Fig. 3 - Sample A and B). The third weld sample was extracted 
from 48” (1219.2 mm) diameter and 19.3 mm (Fig 3 - Sample 
C). The steel grade was API 5L grade X70 (specified minimum 
yield strength 485 MPa). The pipes were shielded metal arc 
welded (SMAW).  
5kgf Vickers hardness mapping was performed and contour 
plots are shown in Figure 3. The root and the cap regions of the 
weld are also shown. The samples were chosen as they show a 
variable degree of heterogeneity. In sample A and C, the hardness 
varies from 170HV to 290HV in weld region. They show a high 
amount of softening in HAZ and apparent variations of hardness 
within the weld material. Sample B has well-defined weld zone 
and has a higher hardness compared with other samples. HAZ 
softening nor hardening is evidenced. These samples will offer 
good understanding of the notch behavior when located in 
different regions of the weld. The variations in weld parameters 
(heat input, consumable etc.) are the reason for the softer root 
and a harder cap.  This type of diversity in the weld facilitates a 
valuable study of heterogeneous behavior of a weld under 
loading conditions. 
 
 
(A) 
 
(B) 
 
 
(C) 
 
 
Figure 3: Three 5kgf Vickers hardness contour plots of the samples (A, 
B and C) taken from X70 steel pipe and indications of AWMTT cross 
section positions. The root and cap regions of weld are also shown. 
All weld metal tensile test samples were extracted from 2/3 
distance of the inner diameter. The region is pointed out in figure 
3 by black dashed circle. This choice was made based on weld 
geometry and ability to extract all weld sample without the 
presence of heat affected zone. The gauge diameter of the 
samples was 5mm. The dimensions of the sample were based on 
ASTM E8/E8M [14]. Figure 4 shows stress-strain curves 
obtained from AWMTT tests of the considered samples. 
 
 
 
Sample A 
 
 
 
Sample B 
 
 
Sample C 
Figure 4: Plots of stress vs. strain obtained from AWMTT of three 
samples. 
NUMERICAL FRAMEWORK 
 
Two weld homogenization techniques discussed in the 
previous section are evaluated using numerical models based on 
actual and idealized welds. The FE model simulates a SE(T) 
specimen under 2D plane strain with clamped boundary 
conditions. The daylight length (L) of the specimen is 200mm 
and thickness (W) is 15mm. Three notch depths were considered 
for the study i.e. a/W = 0.2, 0.3 and 0.4, with a being the depth 
of the notch. The notch was located in the root as well as in the 
cap of the weld and was introduced in weld metal center. The 
notch tip radius (𝜌) was chosen to be 0.075mm. 
These specimen configurations were modeled in Abaqus 
6.11. A displacement u/L=0.015 was applied on one end of the 
specimen. The model consisted of ~2200 linear elements with a 
reduced integration scheme.  Isotropic J2 type plasticity obeying 
Ramberg-Osgood(RO) strain hardening was implemented [15]. 
The model details are shown in Figure 5.  
<150 <300 
HV 
Root 
Cap Cap 
Root 
Root 
Cap 
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Figure 5: SE(T) finite element model showing meshing pattern, weld 
width and the notch 
The term ‘actual weld’ is used for the numerical model 
which replicates the real local properties of a weld using the 
algorithm described in reference [10]. This scheme takes 
hardness values from HV5 map as the input, converts them to 
RO parameters and assigns them to the corresponding element. 
The disparity in conversion of HV5 values to RO parameters has 
been inspected in previous study [13]. Several standard transfer 
functions were analyzed and an improvised technique to 
determine RO parameters was put forward. Accordingly, HV5 
values were converted to RO parameters using experimentally 
calibrated equations which uses all weld metal tensile tests. The 
equations are given below. 
 
Ultimate tensile strength 𝑅𝑚 is calculated by, 
 
𝑹𝒎 =  𝑅𝑚(𝐴𝑊𝑀𝑇𝑇) ∗
𝐻𝑉
𝐻𝑉𝐴𝑊𝑀𝑇𝑇
   
 
(1) 
 
Yield strength 𝑅𝑝02 is calculated by, 
 
𝑹𝒑𝟎𝟐 =  𝑅𝑝02(𝐴𝑊𝑀𝑇𝑇) ∗
𝐻𝑉
𝐻𝑉𝐴𝑊𝑀𝑇𝑇
 (2) 
 
The strain hardening is closely related to yield to tensile ratio 
according to Considère’s necking criterion. Their relation has 
been curve-fitted into: 
 
𝑛 = 2.4 + 2.9 
𝑅𝑝02(𝐴𝑊𝑀𝑇𝑇)/𝑅𝑚(𝐴𝑊𝑀𝑇𝑇)
1 − 0.95 𝑅𝑝02(𝐴𝑊𝑀𝑇𝑇)/𝑅𝑚(𝐴𝑊𝑀𝑇𝑇)
 
 
(3) 
 
𝐻𝑉𝐴𝑊𝑀𝑇𝑇  is the average hardness of the region where the all weld 
metal sample is extracted in the weld. 𝑅𝑚(𝐴𝑊𝑀𝑇𝑇) and 
𝑅𝑝02(𝐴𝑊𝑀𝑇𝑇) are the values obtained from all weld metal tensile 
test.  
 
The final model of the actual weld for Fig 3(A) is shown in 
Figure 6. 
 
The idealized model has two different homogeneous layers 
– Base and weld region. Base material is assigned with the 
properties obtained from 𝐻𝑉𝐵𝑀. The weld region is assigned with 
material properties based on the two homogenization schemes 
explained before. The width of the weld (2𝐻𝑒𝑞) is calculated 
using hardness maps based on the technique shown in Fig. 1 and 
2. 
 
(a) (b) 
 
 
Figure 6: Numerical outcome of (a) hardness assignment to (b) 
individual element of finite element model. 
 
In summary, 54 simulations have been performed covering 
3 welds, 3 a/W ratios, 2 notch locations and 3 analyses 
(heterogeneous weld and two simplified welds). 
In order to assess the load bearing capacity of the material 
before and after weld homogenization, plastic load of SE(T) 
sample is determined. ASME Section III [16] recommends the 
use of Twice Elastic Slope (TES) method to determine plastic 
load using Force-Displacement plot. Figure 7 demonstrates TES 
method. 
 
 
Figure 7: Plastic load estimation using twice elastic slope 
method 
RESULTS AND DISCUSSIONS 
 
The force-displacement curve response 
 
Figure 8 shows F-u plots for different notch locations and 
depths for weld A. The notch was in root and cap regions which 
are shown in Fig. 3. It is evident from Fig. 8 that the increase in 
<150 <300 HV 
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depth of the notch reduces the load bearing capacity of the SE(T) 
specimen. Nevertheless, it is important to note the inconsistency 
in this trend. The variability in forces for different notch depths 
depends on its location in the weld and affects the plastic load of 
the specimen. The extent of the variability in idealized welds for 
similar phenomenon will be assessed. 
  
 
 
(a) 
 
(b) 
Figure 8: Comparison of F-u plots of SE(T) simulations with actual 
weld A for notch located in (a) root and (b) cap 
 
Validation of weld homogenization schemes 
 
In the first method using AWMTT results, yield strength 
𝑅𝑝02, ultimate tensile strength 𝑅𝑚, yield to tensile ratio 
𝑅𝑝02
𝑅𝑚
⁄  
and strain hardening exponent 𝑛 of the three samples (A, B and 
C) were obtained from all weld metal tensile tests. Table 1 
summarizes the data obtained from experiments.  
Table 1: Constitutive properties of weld metal obtained from all weld 
metal tensile tests.  
Sample Average 
Hardness 
 
Yield  
Strength 
(𝑵/𝒎𝒎𝟐) 
Ultimate  
tensile 
strength 
(𝑵/𝒎𝒎𝟐) 
Yield 
to  
tensile 
ratio 
Strain  
hardening 
exponent 
  𝑯𝑽𝒂𝒗𝒈 Rp02 Rm  n 
A 240.23 674.66 777.8 0.87 16.96 
B 260.62 752.94 850.3 0.89 18.61 
C 217.79 621.08 731.6 0.85 15.27 
 
  The weld properties were assigned to the finite element 
model based on the values from Table 1 and simulations were 
performed. The thickness of the weld 2𝐻𝑒𝑞  was different for each 
specimen as it was determined based on the method shown in 
Figure 1. Plastic loads obtained from TES method suggest an 
error average of ~8% between the maximum and minimum 
errors of homogenized weld compared with actual weld among 
the chosen samples and configurations. The results have an error 
range varying from 0.9% to -15%. The error was based on the 
ratio of plastic load obtained from actual and idealized weld. A 
positive error suggests a conservative result and a negative error 
shows an overestimation of plastic load compared to the actual 
weld.  Figure 9 shows the comparison. The variability of error 
was quantified using standard deviation and was found to be 
~4.5%. In all cases, the idealization process leads to over 
estimation of plastic loads. 
The second method, which considers the slip lines 
originating from the crack tip in order to obtain constitutive 
properties, includes more parameters in order to simplify a weld. 
As per this technique (as explained in Materials and Methods 
section), average hardness calculated was based on notch depth 
and location. The results are given in Table 2. The variability in 
hardness values depending on the location and depth of the notch 
can be seen. Another observation from Table 2 is that hardness 
increases with the increase in notch depth in the root while it 
shows a decreasing trend at the cap. This is due to the fact of 
having a harder region in the cap and a comparatively softer 
region in the root. Slip line method takes varying hardness into 
the account while AWMTT is based on constant hardness. The 
values of hardness can be seen in Table 1 and 2. 
The hardness values from Table 2 were used to obtain 
material parameters - yield strength 𝑅𝑝02, ultimate tensile 
strength 𝑅𝑚, yield to tensile ratio 
𝑅𝑝02
𝑅𝑚
⁄  and strain hardening 
exponent 𝑛 was calculated using the Equations 1-3. With 
material parameters in hand, the SE(T) simulations for the 
homogenized weld was performed. The average error in plastic 
load observed for the considered specimens and configurations 
in this method was ~2%. The variation of results ranges from 8% 
to -10%. The standard deviation of errors was ~6%. This 
technique improved the average error from previous AWMTT 
technique owing to its ability to involve more parameters. The 
results comparing the plastic loads of actual weld and idealized 
welds using two methods are shown in Figure 9. In case of 
Sample A, the plastic loads were underestimated leading to 
conservative results and samples B and C had errors which are 
less than the AWMTT technique of homogenization though the 
plastic loads are overestimated. 
  
Table 2: Results of average hardness taken along the slip lines 
originating from the crack tip in SE(T) samples 
Notch 
Depth 
Notch 
Location 
Hardness (𝑯𝑽𝒂𝒗𝒈) of weld 
(a/W)   Sample A Sample B Sample C 
0.2 
Root 
238.92 263.32 219.78 
0.3 240.46 272.62 226.42 
0.4 247.67 276.66 230.77 
          
0.2 
Cap 
215.49 259.65 208.87 
0.3 211.96 256.4 202.42 
0.4 209.97 258.81 198.99 
 
 
Three important observations can be made from this plot. 
Firstly, there is a significant variation of plastic load values 
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which reconfirms the effect of weld heterogeneity on load 
bearing capacity as mentioned by researchers, codes and 
standards [1,6,7].  
 
 
 
Figure 9: Plastic load comparison between actual and idealized 
weld 
 
Secondly, the difference in plastic load between two 
schemes of homogenization has high variations.  In certain cases, 
there is a noticeable difference (~8%). But most of the cases it is 
less than 2%. Third and most important observation regarding 
the safety of the welded structure is that the plastic load 
suggested by homogenization schemes are higher than the actual 
plastic loads (except Sample A idealization using slip line 
method). This means that the actual structure reaches its 
plasticity limit sooner that the predicted plastic load of a 
simplified weld. Further validation can substantiate these 
observations.  
 
Scrutiny of heterogeneity effects on weld simplification 
 
In this subsection, a detailed analysis of the plastic load 
variations is made considering equivalent plastic strains (PEEQ) 
and slip lines originating from the crack tip. The investigation of 
plastic loads of actual and idealized welds shows the variability 
of currently used techniques to analyze a weld defect. The 
variations observed in the plastic loads deserves consideration in 
ECA methods. In order to understand these variations, a detailed 
analysis based on slip lines observed in numerical simulations is 
conducted. 
Researchers [12,17–20] typically assume that the slip line 
pattern obtained from a notched weld is a straight line, mostly 
450. This consideration was based on a homogeneous body or a 
mismatched weld. The mismatch always meant to be strength 
variation between two or three regions of the weld. But an 
inconsistent strength variation inside the weld region is not 
considered in this assessment. The observations regarding the 
effects of strength variations on equivalent plastic strain (PEEQ) 
are made in this numerical study. Figure 10 shows strain 
concentration bands originating from the notch tip in a 
homogeneous weld. From these, “Slip lines” have been derived 
as a trajectory of maximum PEEQ towards root/cap. The 
presented configuration in Fig. 10 is a homogenized specimen of 
sample A having a notch depth a/W=0.3. Similar slip line 
patterns were observed in idealized specimens (using both 
homogenization schemes) of three samples. The white dashed 
and solid lines are drawn to show the pattern of assumed and 
obtained slip lines for the convenience of the reader.  
 
  
 
 
Figure 10: Strain concentration bands during simulation of 
deformation in a simplified weld 
 
 
 
Contour at un-deformed state 
 
 
Figure 11: Non uniform stress concentration bands observed in 
actual weld simulations for a notch located in the root (for Sample 
A). 
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The assumption of straight 450 slip lines becomes doubtful 
when considering actual welds. The high strain regions in actual 
and homogenized welds are incomparable. Two examples from 
different set of simulations chosen to analyze the slip lines in 
actual welds. (i) notch located in root and a/W=0.3 of sample A 
(fig. 11 illustrates the case of notch tip located in softer region) 
and (ii) notch located in cap and a/W=0.2 of Sample B (fig. 12 
illustrates the case of notch tip located in harder region). It is 
important to note that the Figures 10, 11 and 12 were obtained at 
the same intervals of deformation. PEEQ concentration bands of 
case (i) can be seen in Figure 11. 
The strain concentration bands arising from the notch tip 
tend to flow to the region having low hardness. This means that 
the harder region resists deformation creating a non-straight slip 
front. The bands merged inside the material at the fusion line on 
the left side and flow to the base material on the right side. 
As deformation is applied, a secondary branch of slip lines 
arises in low strength material.  Referring to fig. 3(A), on left 
hand side and the right hand side, if can be observed that there is 
a sudden transition from hard weld metal to a soft HAZ. This 
transition affects the angle of flow as the deformation tends to be 
higher at HAZ. This invalidates the assumption of 450 slip line 
homogenization. 
 
 
 
Contour at un-deformed state 
 
 
Figure 12: Non uniform stress concentration bands observed in 
actual weld simulations for a notch located in cap (Sample B). 
By observing the strain concentrations from the notch 
located in cap of sample B of case (ii) (fig. 12), the region of the 
notch resists deformation and hence slip line flow in upward 
direction, showing a uniform slip line front. The primary slip line 
flows towards the root of the weld and the secondary slip line 
which begins in the region of fusion line flows towards the cap 
of the weld. At higher deformation, slip line run parallel to the 
fusion line. This can be observed from Fig. 11 and Fig. 12.  
Similar slip line bands were obtained in other actual welds 
simulations and are confirmed by experimental results [21].  This 
shows that the prediction of slip lines in complex welds is 
challenging. But, if weld homogenization techniques are updated 
to address the limitations mentioned in this paper, it will be 
possible to improve safety and integrity of welded structures.  
CONCLUSIONS 
 
In this paper, two weld simplification techniques have been 
analyzed involving homogenization and geometry idealization 
methods. By determining plastic load using Twice Elastic slope 
(TES) method, a comparison was made between the structural 
responses of actual welds and their homogenized equivalents. 
Numerical simulations were performed on three weld samples 
taking input from hardness maps and all weld tensile tests.  
The two techniques of homogenization, one using all weld 
tensile test data and the other using slip line concept proved to 
be competent techniques to simplify a weld based on error 
analysis. Nevertheless, due to the existence of weld 
heterogeneity, there is variability of plastic loads from one weld 
to another showing an error -10 to 15% when compared with the 
actual welds. An average error for the considered samples and 
configurations using all weld data showed ~8% while the slip 
line assumptions showed ~2%. The variations were higher in slip 
line method than in AWMTT method. AWMTT method 
consistently overestimated the load bearing capacity of the welds 
and slip line technique showed few conservative results. In depth 
scrutiny showed that the pattern of slip lines is inconsistent in 
actual welds. The assumption of 450 slip line formation in a weld 
is not accurate and further research is to be performed to predict 
slip lines in heterogeneous welds. It is expected that an accurate 
prediction of slip line trajectory will allow for more efficient 
weld homogenization.  
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